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SOIL VISCOUS BEHAVIOR IN RESPONSE TO TORSiONAL CYCLIC LOADING 
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ABSTRACT 
In the present paper, experimental investigations of dynamic behavior of soils under periodic loading are conducted. Investigations 
include two aspects. First, effect of confining pressure and loading frequency on soil dynamic behavior and stress-strain relation is studied. 
Second, effect of confining pressure, loading frequency and amplitude of cyclic shear stress on soil viscosity is investigated. In the first 
aspect, based on test curves, physical nonlinearity shown in soil stress-strain relation suggests that physical parameters of soil materials are 
not constant. For example, soil elastic parameters can be a function of cyclic shear strain, confining pressure and loading frequency. In the 
second aspect, investigation of nonlinear viscosity of soils is focused. Soil viscosity is not assumed to be a constant. In other words, soils 
behave as non-Newtonian viscous material. Soil samples are used to conduct torsional shear tests under cyclic loading with two different 
testing conditions. The two testing conditions result in two groups of results that demonstrate nonlinear behavior of soil viscosity under 
repeated loading. Tests results from the two groups are discussed and analyzed to reach two expressions of soil viscosity. One is expressed 
as a function of cell pressure, cyclic shear stress and shear strain. The other is written in terms of loading frequency, cyclic strain and cell 
pressure. Parameters in the two expressions are calibrated from test data using curve fitting technique. 
INTRODUCTION 
Dynamic response of subgrade materials under cyclic shear 
stress plays a significant role in roadbed design and analysis. It, 
therefore, is essential to enhance our understanding of viscous 
response of soils under cyclic loading induced by traffic, 
earthquake, ocean waves etc. A number of investigations with 
emphasis on soil elastic behavior have been conducted by 
previous investigators using torsional shear tests (Hardin and 
Dmevich, 1972; Stokoe and Rechart, 1973; Gunny and Fry, 
1973). However, little effort has been made for investigations of 
soil nonlinear viscous behavior in response to torsional shear 
stress. In the present paper, experimental investigations of 
dynamic behavior and nonlinear viscosity of soil using a 
torsional shear device are featured. 
Usually soils are assumed to have linear viscous and elastic 
behavior. Namely, soils are normally suggested to behave as 
either linear elastic solid or linear viscous material, or the 
combination of the both. However, it is known that due to soil 
physical nonlinearity, soil stress does not change linearly with 
strain and strain rate (i.e., soil modulus and viscosity are not a 
constant) even though soil deformation is comparatively small. 
In this paper, the investigation of soil nonlinear behavior is 
conducted using a soil torsional shear device. Shear strain 
amplitude changes in a range 0 - lOE-4. For larger deformation 
or shear strain (e.g., shear strain amplitude is from 0 to lOE-I), 
investigations of soil nonlinearity are conventionally conducted 
using a soil dynamic triaxial apparatus that can allow shear strain 
to reach as large as IOE-1. Soil shear tests for investigation of 
soil nonlinear viscosity, for example, have been conducted by Li 
(Li, 1999). Based on the testing results, a nonlinear viscous 
relation expressed as a function of cell pressure, shear strain 
and the number of repetition has been was introduced. 
With assumption of non-Newtonian viscous behavior of soils, 
when such a constitutive relation is invoked and combined 
with the first principles (i.e., conservation of mass, energy and 
momentum), the governing equation (Li and Helm, 1995 and 
1997) can describe a united physical process including 
phenomena of wave, diffusion and creeping 
RELATION OF STRESS VERSUS STRAIN RATE 
If subgrade soil is assumed to behave as a nonlinear viscous 
material, accordingly one has the following expression: 
. 
cTii = Diikl &kl, (1) 
where oi and &kl represent stress and strain tensors respectively, 
which are symmetric second order tensors. The term DON is a 
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fourth order tensor of viscosity for the constitutive law and can 
be defined as a function of stress, strain, rate of strain, time, 
space and temperature for cases of physical nonlinearity. Since 
in the present paper the relation of deviatoric stress and strain 
rate is our main concern, from the symmetry of stress and strain 
tensors and with an assumption of isotropic soil material, 
Equation (1) can reduce to the following simplified relation of 
shear stress versus shear strain rate: 
r=2& (2) 
where y and r denote shear strain and shear stress respectively. 
The dot represents the derivative respect with time. Shear 
viscosity u is not a constant. Shear viscosity u can be a 
function of multiple variables such as cyclic shear stress, 
loading frequency, confining pressure and cyclic shear strain 
as well as other factors affecting soil viscous behavior. In the 
present paper, experimental investigations are conducted with 
two different testing conditions. As a result, shear viscosity l,~ 
is expressed respectively to be a function of cyclic shear 
stress, shear strain and confining pressure [e.g., u(r, y, oO)] 
and a function of shear stress rate (loading frequency f), shear 
strain and confining pressure [e.g., p(f, y, a,,)]. The further 
effort made is to determine two expressions of soil viscosity u 
and to calibrate parameters in the expressions using the 
experimental data from torsional cyclic shear test. 
EXPERIMENTAL INVESTIGATIONS 
Samnles. Eauipment and Test Conditions 
Subgrade soil sample named DEL4 is collected from sites. 
Main physical properties of soil samples used in this 
investigation listed in Table I. 
Table 1. Physical properties of samples 
Sample Optimum yw,, we, Plastic Liquid Classification 
Group Water IOe3kN/m3 Limit Limit (AASHTO) 
Content 
DEL4 14.0% 16.66 5% 30% A4 
Sample preparation follows the code of AASHTO T292-91. 
Sample tests are conducted with Soil Torsional Shear Device, 
the soil dynamic equipment designed by Stokoe. The testing 
procedure is carried out under unconsolidated and undrained 
conditions (i.e., UU condition). The sinusoidal loading with 
different cycle periods is applied to each sample. Samples are 
subjected to torsional shear stress under two different 
conditions. One group of tests uses constant amplitude of 
cyclic torsion but changing loading frequency, and the other 
group employs changing amplitude of cyclic shear stress but a 
constant loading frequency. Both groups are tested under 
different confining pressure that changes from 0 KPa to 400 
KPa. 
Effects of Confining Pressure and Loading Frequency on 
Relation of Stress and Strain 
Skeletal curves of cyclic stress versus cyclic shear strain with 
different confining pressure and loading frequency are drawn 
in Figures 1, 2, 3, and 4. From Figures 1, 2 and 3, both 
confining pressure and loading frequency play a role in 
dynamic behavior of soil strain in response to torsional shear 
stress. If one compares stress-strain curves without cell 
pressure (0 KPa) to those curves with cell pressure (100 KPa 
or 200 KPa), one can find that cyclic stress-strain curves with 
zero confining pressure indicate evident nonlinearity and the 
curves concave downward. For confining pressure = 100 KPa, 
stress-strain relations become a family of linear curves. When 
cell pressure continually increases to 200 KPa the linear 
stress-strain curves start showing tendency of nonlinearity that 
slightly bends upward. Moreover, it is interesting to study 
effect of confining pressure on the stress-strain relation using a 
constant frequency. In Figure 4, for example, stress versus 
strain is drawn with fixed loading frequency = 0.05 Hz and 
changing confining pressure from 0 KPa to 400 KPa. Figure 4 
clearly demonstrates how a nonlinear stress-strain curve 
becomes liner one with changing cell pressure and at a fixed 
loading frequency. From Figures 1, 2, and 3, one may also 
note that effect of loading frequency impacts on dynamic 
stress-strain relations of subgrade soils. For both linear and 
nonlinear curves of stress versus strain, soil dynamic response 
varies with changes in loading rate. Soil shear stress increases 
when loading frequency increases or vice versa. The loading 
rate effect does not affect the stress-strain curves at a higher 
cell pressure (e.g., 200 KPa) so significantly as those curves at 
a lower cell pressure (e.g., 0 KPa or 100 KPa). 
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Figure I. Relation of stress and strain with loading 
frequencies and cell pressure(O KPa) 
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Figure 2. Relation of stress and strain with loading 
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Figure 3. Relation of stress and strain with loading frequency Figure 5. Relation of stress and strain rate with loading 
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Figure 4. Relation of stress and strain with loading frequency Figure 6. Relation of stress and strain rate with loading 
(0.0.5Hz) and cell pressure (0 - 400 KPa) frequency (0.01 -0.25 Hz) and cell pressure (200 KPa) 
Effects of Confining Pressure, Loading Amplitude and 
Loading Freauencv on Relation of Stress versus Strain Rate 
Confining pressure and loading frequency play an important 
role in soil viscous response. The following discussion is to 
center on hvo groups of tests for investigation of soil viscosity. 
Torsional Tests with Constant Cell Pressure, Constant 
Loading Frequency and Changing Loading AmDlitude.. 
Relations of stress over strain rate versus strain (i.e., p versus 
y) are plotted in Figures 5, 6 and 7. If one compares stress- 
strain curves without cell pressure (0 KPa) to those curves 
plotted with cell pressure (200 or 400 KPa), one can find that 
for the curves with zero confining pressure, stress-strain 
relations indicate nonlinear behavior that concaves downward. 
For cell pressure = 0 KPa, soil viscosity decreases with 
increase of shear strain. 
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Figure 7. Relation of stress and strain rate with loading 
frequency (0.01 - I Hz) and cell pressure (400 KPa) 
However, when confining pressure = 200 KPa or 400 KPa, 
stress-strain relations are still nonlinear but the curves concave 
upward instead. Soil viscosity increases with increase of shear 
strain rather than decreases with increase of shear strain. It is 
interesting for one to note that for a given shear strain soil 
viscosity decreases with increase of loading frequency. 
Moreover, for loading frequency higher than 0.25 Hz, soil 
viscosity does not change significantly when shear strain 
varies. 
Torsional Tests with Constant Cell Pressure. Changing 
Loading Frequency and Constant Loading Amplitude. Results 
of soil viscosity versus shear strain are plotted in Figures 8, 9 
and 10. From Figure 8, 9, and 10, for a given loading 
amplitude soil viscosity increases with increase of shear strain. 
If one compares stress-strain curves having cell pressure = 0 - 
200 KPa to those curves having cell pressure = 300 - 400 
KPa, one can find that with increase of cell pressure, soil 
viscosity becomes very sensitive to changes in shear strain. 
For instance, when cell pressure reach to 300 or 400 KPa. The 
curve of soil viscosity versus shear strain becomes almost a 
vertical line (see Figures 8 and 9), which means that small 
changes in shear strain cause significant changes in soil 
viscosity. 
In order to study how soil viscosity is affected by loading 
amplitude, at confining pressure = 0 KPa, the relation of soil 
viscosity versus shear strain with changing amplitude of shear 
stress is drawn in Figure 10 that gives a group of curves in a 
similar pattern as shown in Figures 8 and 9. Namely soil 
viscosity is sensitive to changes in shear strain though changes 
in shear strain at different levels. Effect of loading amplitude 
is evident in sensitivity of soil viscosity to shear strain but not 
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Figure 8. Relation of stress and strain rate with cell pressure 
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Figure 9. Relation of stress and strain rate with cell pressure 
(0-400KPa) and cyclic loading (26 KPa) 
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Figure 10 Relation of stress and strain rate with cell 
pressure(O KPa) and cyclic loading (13-52 KPa) 
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DISCUSSION 
Nonlinear Relationship between Stress and Strain 
pressure o0 changes as a variable in a quadratic equation. The 
quadratic equation describes nonlinear behavior of soil 
viscosity at both lower and high cell pressure. For example, in 
Figure 5, when cell pressure o. = 0 KPa, soil viscosity 
decreases with increase of shear strain, and the curve 
nonlinearly concave upward. In contrast, in Figure 7 when 
cell pressure 00 = 200 KPa, soil viscosity increases with 
increase of shear strain and the curve concaves downward. 
From the results presented in Figures 1, 2, 3 and 4, one can 
conclude that periodic strain in response to periodic shear 
gives a nonlinear relation that can be expressed as a function 
of periodic shear strain, confining pressure and loading rate 
(or loading frequency). For example, for a given cell pressure, 
dynamic behavior in response to loading effect can be 
identified. In Figures 1, 2, and 3, cyclic shear stress increases 
with increase of loading frequency. In the other hand, at a 
given loading frequency (O.O5Hz), stress-strain curves in 
Figure 4 show nonlinear behavior when confining pressure is 
less than lOOKPa, and then gradually become linear relations 
when confining pressure keeps increasing. When cell pressure 
reaches 200 KPa, the stress-strain relations start indicating 
nonlinear tendency and stress-strain curves concave toward to 
opposite direction when compare to the case of low or zero 
cell pressure. This fact suggests that physical parameters such 
as modulus or viscosity of soil material are not constant. For 
example, if assumption of elastic material is applied, shear 
modulus (e.g. the slope of a curve in Figures 1, 2, and 3) may 
change from a variable to a constant, then change from a 
constant back to a variable again if cell pressure changes from 
0 - 400 KPa. One may note that shear stress at low cell 
pressure (0 KPa) in response to loading frequency is more 
sensitive than at high cell pressure (200 KPa). Since to derive 
an expression of modulus for nonlinear elasticity from based 
on curves in Figures 1, 2, 3, and 4 is out of the scope in the 
present paper, calibration of physical parameters for an elastic 
stress-strain relation is not discussed though it can be done in 
the same way in investigation of soil viscosity in the following 
session. 
Nonlinear Relationship between Stress and Strain Rate 
According to Figures 5, 6, and 7, shear viscosity p responds 
nonlinearly as a function of cell pressure and periodic shear 
stress and strain. If one applies the technique of curve fitting, 
it is not difficult to reach the following expression: 
/ / ( f ,  y, ho > = 1 ~2~e0.00‘b0 f-0.93y(-8*10do: l 0.0050,-0.33) (3) 
The above equation indicates that viscosity p , a function of 
cell pressure, loading rate and cyclic shear strain, can be 
expressed by a product of three terms. The first term in (3) 
represents that the first component of soil viscosity changes 
exponentially with cell pressure. The second term in (3) 
shows that the second component changes in a power function 
of loading frequency f. The last term in (3) represents that the 
third component of soil viscosity varies in a power function of 
shear strain. In the power function of shear strain, confining 
Furthermore, from Figures 8, 9, and 10 if one employs the 
curve fitting method used in (3), one can yield another 
expression of soil viscosity that is written in terms of cyclic 
stress and strain as well as cell pressure in the following form: 
~(7, y, oo) = 0.99e-0.7re0.073a,y’6.) (4) 
Similarly, Expression (4) also has three components that 
contribute to soil viscosity. The first and second terms of soil 
viscosity in (4) are associated with exponential functions of 
periodic shear stress and cell pressure respectively. The third 
term of soil viscosity changes in a power function with 
periodic shear strain. 
One should bear it in mind that the main difference between 
expressions (3) and (4) is because of different testing 
conditions. Thus, for (3), each soil samples are subjected to 
cyclic shear stress with constant loading frequency. In 
contrast, for the expression (4) soil samples are tested by 
cyclic shear stress with constant amplitudes. 
CONCLUSION 
Based on the testing results and discussion in the previous 
session, the following three points can be concluded: 
First, both confining pressure and loading frequency affect 
nonlinearity of soil stress-strain relations (see Figures 1, 2, 3 
and 4) and cell pressure plays a more significant role in 
nonlinear behavior of stress-strain curves. For the soil tested 
in this paper, when cell is zero or low, stress-strain curves 
nonlinearly concave downward (see Figure 1). When cell 
pressure reaches 100 KPa, curves of stress versus strain 
change linearly. When cell pressure is 200 KPa, the stress- 
strain curves have tendency to start bending upward, and 
becomes slightly nonlinear again. This fact suggests that 
material parameters have physical nonlinearity. Tests results 
indicate that effect of loading frequency on stress-strain 
relations is decreased as confining pressure increases. 
Second, soil viscosity is related to cyclic loading, cell pressure 
and shear strain affect soil viscosity and can be expressed by a 
function of loading frequency and cell pressure as well as 
cyclic shear strain, i.e., u = p(f, oar y ) in Equation (3). In 
Equation (3), soil viscosity comprises three components. The 
first component of soil viscosity changes exponentially with 
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cell pressure. The second and third components vary in power 
functions of loading frequency f and shear strain individually. 
Finally, soil viscosity is associated with cyclic loading, cell 
pressure and shear strain can be written in a function in terms 
of shear stress, cell pressure and shear strain, i.e., p = p(r, cro, 
y) in Equation (4). In this expression, soil viscosity can be 
contributed by the three components as well. The first and 
second components are associated exponentially with loading 
shear stress and cell pressure. The third component of soil 
viscosity is related to a power function of shear strain. 
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